Introduction
Neurotoxic effects of chemicals, as reflected by behavioral changes, have been known through overexposure of humans and lower animals since antiquity. The neurotoxic properties of lead, for example, were identified as early as 200 B.C., and the first recorded regulatory measures in industrial hygiene ever taken were aimed at protecting workers from the neurological effects of mercury exposure in the Idrian mines in 1665 (1) .
Over the last 100 years, industrial activities have introduced a vast array of new chemicals into the home and environment and have greatly increased the possibility of toxic exposures in the general population. At present, more than 65,000 chemicals are commercially used by industry, including some 3,350 pesticides, 8, 627 food additives, 1,815 pharmaceuticals, and 3,410 cosmetic ingredcients (2, 3) . In addition, more than 1,000 chemicals are introduced into the market each year.
In reviewing the neurotoxicology literature, Anger and Johnson (4) identified approximately 850 chemicals for which there is some evidence for an adverse effect on nervous system functioning and behavior. Further, at the regulatory level, maximum workplace exposure levels have been established for 588 chemicals; of these, 167 have been regulated, at least in part, on the basis of their effects on the nervous system. In the United States alone, an estimated 14 million persons are occupationally exposed to these chemicals (5) .
Despite the magnitude of neurotoxicant exposures in working populations and evidence that considerable amounts of these chemicals are finding their way into the environment, relatively few chemicals have been even marginally evaluated for their effects on nervous system function and behavior (3) . Although historically morphologic and classical toxicologic methods have been used to provide evidence of neurotoxicity, there has been increasing acceptance of the use of behavioral methods in evaluating neurotoxicity (3, 6) . At the regulatory level, the U.S. Environmental Protection Agency (U.S. EPA) has published generic neurotoxicity testing guidelines for the testing of chemicals and pesticides (3) , and the U.S. Food and Drug Administration (FDA) is currently revising its guidelines to include behavioral measures of neurotoxicity assessment (7) . Further, on an international level, the use of behavioral methods for neurotoxicity assessment has also been proposed by the Organization for Economic Cooperation and Development (OECD) (8) .
Neurotoxicity Assessment Strategies
Because of the heterogeneous nature of the nervous system, different neurotoxic chemicals can affect neurologic and behavioral functioning in different, specific ways. Thus, to evaluate the neurotoxicity of a chemical, measures of different types of functions are necessary. Further, for the purpose of regulatory testing, a number of panels and committees have recommended a tiered approach to neurotoxicity assessment (3, 9, 10) . Such a tiered approach typically involves a stepwise progression from general screening using simple behavioral assessment methods (functional observational battery) and neuropathology, (tier 1)-to the characterization of effects (tier 2) using more specific behavioral, electrophysiological, neurochemical, and neuropathological techniques (6) .
A functional observational battery (FOB) consists of a collection of noninvasive tests to evaluate neurologic and behavioral signs in Environmental Health Perspectives -Vol 104, Supplement 2 -April 996exposed animals (11, 12) . Usually, observations of the animal, which in most studies is the rat, are carried out both while the rat is in its home cage and while it is moving freely about in a test arena for a specified period of time. Animals are observed for changes in arousal, reactivity to handling, presence and type of convulsions, alterations of gait and mobility, and autonomic signs. Several simple tests are also performed to evaluate sensory functions (e.g., reactions to noise, tactile stimulation, pain) as well as motor functions (e.g., grip strength measurements, landing foot splay). In regulatory testing, automated motor activity assessment is also included in tier-I neurotoxicity screening.
Despite the apparent simplicity of these tests, they have been shown to be quite sensitive in detecting the neurotoxic effects of a number of compounds (11) and, indeed, sometimes surpassing automated techniques (13) . Several issues that have been repeatedly raised with respect to the use of tier-I testing are the sensitivity of tests for assessing sensory impairments as well as the lack of inclusion of any tests at the screening level for measuring cognitive behavior or learned performance.
In developing a test strategy in our own laboratory, we have used simple tier-I tests, as well as more sophisticated techniques, to examine the neurotoxic effects of a number of compounds. In many cases, we often used both simple and more specific behavioral test methods in the same study rather than applying a tiered-testing approach. This has been especially true in chronic studies of inhaled organic solvents (14) , where (15, 17) .
In our laboratory, the effects of longterm exposure to a number of chemicals including acrylamide, n-hexane, methylmercury, and carbon disulfide have been examined in studies lasting from 12 to 36 weeks (14, 15) . Examination of the stability of baseline responding in control animals and low variability of the data demonstrates the sensitivity of grip-strength measurements in detecting and quantifying the effects of chemical agents that are toxic to peripheral nerve, as well as the utility of this method in extended exposure studies. These qualities, together with low cost and ease of administration, make grip-strength measurements suitable both for screening studies as well as studies designed to evaluate the time course of effects or mechanisms of action.
In addition to measures of neuromuscular function, a number of techniques have been described for detecting and quantifying disturbances of gait and motor coordination. A simple and direct approach to quantifying ataxic and paretic gait disturbances is the analysis of records of successive footprints made during locomotion (18) . To obtain a record of footprints while the animal is in motion, the hindpaws are either greased or inked and the animal is allowed to walk on a nonmoving,.paper-covered&sur-face. To facilitate consistent walking in one direction, testing is usually conducted by placing the animal at one end of a narrow walkway covered with paper and allowing it to traverse the length of the walkway to a darkened enclosure at the other end. The analysis of gait topography has been applied to evaluate a number of different types of experimental treatments including drugs (19) , models of peripheral nerve damage and multiple sclerosis (20) , and neurotoxic agents. Recently, for example, Pryor (21) used this type of gait analysis in demonstrating that high-level exposure to toluene produces a persistent motor syndrome marked by a shortened stride and a widebased gait analogous to that seen in heavy toluene abusers.
Analysis of successive footfalls indicates that stride length, stride width, and measures of gait symmetry for normal adult rats are highly consistent (22) . There has been, however, little standardization among laboratories with respect to the exact procedures used to collect footfall patterns. Further, it
is not yet known to what degree reduced body size or weight may influence gait topography. Thus, an approach similar to that used by Pryor (21) for evaluating the contribution of body size should probably be adopted. One of the drawbacks of gait analysis is the large amount of time necessary to evaluate the hard-copy records. However, the possibility of using computersupported analysis techniques has been reported (23) .
In addition to examining changes in gait topography while the animal is walking on a stationary surface, a number of simple and complex techniques have been developed to examine coordinated movement in other situations. The test of landing foot splay, for example, has been shown to be a relatively stable and sensitive test of motor impairment (24) and has been incorporated into tier-I testing methodologies. Other tests of coordinated movement such as negative geotaxis (17) and rotorod performance (25) (14, 26) . A further novel approach to measuring coordinated movement employs an operant paradigm involving wheel running for food reward (27) . In this study, changes in complex motor behavior produced by methanol were reflected in dose-related increases in interresponse times of wheel rotations, indicating decreasing velocity with increasing doses at levels equal to 10% of the LD50.
In addition to changes in gait and coordination, tremor is also an important clinical sign of neurotoxicant exposure. Tremor refers to rhythmic, involuntary oscillations of the whole body or a particular body part and, as a clinical sign, is seen in various neurological disease states, such as Parkinson's disease and multiple sclerosis, -and as-a consequence of exposure to particular therapeutic drugs or chemicals (28, 29) . In addition, tremor can also result from environmental overexposure to a variety of compounds including metals, pesticides, and organic solvents (4) , and some of the most dramatic instances of human neurotoxic disease have involved occupational exposure to tremorogens. The only possibility for detecting tremor using nonautomated techniques is by visual observation. Several methods for detecting and measuring whole-body tremor using different types of transducers have been described (30) (31) (32) .
In addition to methods based on wholebody tremor, operant techniques have been used for examining the spectral profile of tremorogenic agents (33, 34) . One ingenious technique employing operant procedures to examine forelimb tremor in the rat uses an operant chamber equipped with an isometric force transducer as the operandum. The force transducer is located in a recessed aperture in such a way that the rat must exert a predefined force on the transducer to gain access to the reinforcement dipper. During Motor activity assessment has been extensively used in neurotoxicity assessment; a number of surveys of methods and critical reviews have been published over the last 10 years examining different types of automated motor activity assessment techniques (14, 35) . Currently, the most common methods use photocell detection methods or videoimaging techniques, which can be used to track the animal. Motor activity assessment is an apical test for detecting neurotoxicant effects rather than for documenting a specific clinical motor effect. Although automated motor activity assessment has been incorporated into tier-I regulatory testing, it has also been used together with other techniques for characterizing behavioral changes during longterm exposure in relation to blood and brain levels of organic solvents (36) .
Evaluating Sensory Functions
Although a considerable amount of importance has been placed on the motor effects of toxic exposures, possible effects on sensory function are also of growing concern. Surveys of the literature have indicated that approximately 44% of chemicals that possess neurotoxicant effects have an impact on sensory function (37) . The measures designed to evaluate sensory function in the context of tier-I neurotoxicity testing include simple tests of reactivity to visual, auditory, and somatosensory stimuli. Using this approach, we have been unable to obtain convincing data of sensory impairments for compounds that have been described in the literature as toxic to the visual or auditory nervous system. It may be that this lack of sensitivity is due to differences in dose or exposure duration and that only a direct empirical comparison could answer this question. However, if one considers the specific sensory effects described in the literature, it is difficult to imagine these observational methods being capable of detecting specific hearing and visual impairments (38) .
Basically, two different types of behavioral paradigms have been described for evaluating sensory effects-those based on operant conditioning and those using reflexmodification techniques. Instrumental techniques have induded the use of both active avoidance paradigms as well as psychophysical operant discrimination methodologies in both rodents and primates.
One instrumental technique that has been successfully used to uncover auditory deficits in rats is the multisensory conditioned avoidance paradigm (17, 39) . Using this technique, Pryor and his colleagues (39) were able to uncover a neurotoxic effect not previously noted with other methods, namely, the ability of toluene, xylene, and styrene to produce irreversible frequencyspecific hearing loss. Psychophysical operant discrimination techniques provide a very elegant approach to the evaluation of neurotoxicant-induced specific sensory deficits. These techniques have been successfully used to examine toxicant effects on a variety of sensory processes including visual, auditory, and somatosensory functions, as well as the irritant properties of vapors. A number of reviews of this technology are available (40, 41) . Some of the most elegant studies using operant discrimination techniques in primates demonstrate the selective effects of neurotoxic agents such as acrylamide (42) and developmental methylmercury exposure (43) on different aspects of visual functioning.
One of the principal drawbacks usually cited in discussions of operant sensory testing paradigms is the relatively long periods of time required to achieve stable baseline levels of responding. Because of this limitation, other authors have investigated the use of reflex-modification techniques as a possible tool both in terms of screening and characterization of sensory deficits, particularly with respect to the auditory system (37) .
The application of reflex-modification procedures in rodents uses the whole-body startle response, which reflexively occurs in response to a sudden loud auditory stimulus. The technique is based on the fact that perceived stimuli presented shortly before the startle stimulus will reduce the amplitude of the startle response, which can be measured as changes in downward force with force transducers or other suitable devices (44) . By adapting the technique using the eye-blink response rather than the whole-body startle response, the technique can also be applied in human studies (45) . Reflex audiometry has been applied to evaluating the ototoxic properties of a number of drugs and chemicals including ototoxic antibiotics (46) , trimethyltin (47) , and trichloroethylene (48) . One of the disadvantages of reflex audiometry is the relatively long testing sessions that are required to obtain a full audiometric function across a wide range of frequencies. However, it is also possible to limit the number of frequencies tested in such a way that reflex modification can also be used as a screening method.
Evaluating Cangs inmLeaed Performance and Cogniive Behaviors
Behavioral impairments indicative of cognitive changes have been associated with exposure to a number of chemicals.
Developmental exposure to lead (49) , methylmercury (50) , and PCBs (51), for example, have been causally related to delayed development and intellectual impairments in children. Further, chronic exposure to organic solvents has been associated with the development of toxic encephalopathy and deficits in behavioral performance at occupational exposure levels (52) . Given the fact that these and other neurotoxicants are ubiquitous in the environment, it is not surprising that concern has been raised regarding the lack of measures of learning, memory, and behavioral performance from tier-I testing in the regulatory sphere.
There have been many models developed to evaluate different aspects of learning and other higher-order functions in animals. Some studies have concentrated on the effects of chemical exposures on the performance of learned behaviors, using, for example, free operant techniques (53) , while others have attempted to develop models to study acquisition and memory (54) . Further, a variety of techniques (shuttle-box learning, maze techniques, and operant techniques) have been used with different behavioral paradigms including active and passive avoidance learning, reversal learning, repeated acquisition, and delay tasks.
With respect to changes in the performance of learned behavior, schedule-controlled operant behavior (SCOB) has been extensively applied to the study of different classes of chemicals (55) , and schedule-controlled operant techniques for neurotoxicity evaluation have been included in neurotoxicity testing guidelines. Because the aim of many of the studies employing SCOB has been to demonstrate the usefulness of these methods in neurotoxicity screening, experimental protocols used, for example, to study inhaled organic solvents have typically employed high-level, short-duration exposure schedules (56, 57) . Although such studies can provide highly reliable quantitative information by which to judge the relative potency of different compounds to affect behavior in a given test system, they also give the impression that very high concentrations of solvents are necessary to affect learned behavior in rodents.
In our own laboratory, we have been concerned with the effects of organic solvents on psychomotor slowing in the performance of learned behavior. One of the most consistent effects reported in the human occupational literature is a slowing in the performance on reaction-time tasks in workers exposed to organic solvents. Since most threshold limit values (TLVs) for organic solvents have been chosen to avoid acute behavioral effects of this nature (14) , it seemed worthwhile to determine whether rats were also affected at occupationally relevant levels. Thus, we developed an animal model of a two-choice discretetrial operant task in the rat and examined the levels at which effects on learned performance began to occur. One of the interesting findings in these studies is the sensitivity of latency measures of this method to the acute effects of low-level exposure and the change in acute effects in the context of repeated exposures (14) . Figure 1 shows the effects of inhalatory exposure to perchloroethylene for 3 days on the number of short-latency (< 2 sec) two-choice responses and the number of long-latency responses. On day 1 of exposure, performance was significantly affected only in the high-concentration groups. However, with repeated daily exposure, effects also became apparent in the lowdose groups as well. To what degree changes in the acute effects of solvents are related to changes in body burdens with repeated exposure is currently being investigated for compounds that produce different effects in the short-term repeated exposure situation.
In addition to the study of chemical effects on the performance of free-operant or discrete-trial tasks, a number of investigators have used different behavioral paradigms to examine the effects of chemicals on learning and memory processes. Active and passive avoidance tasks have been extensively used in pharmacology for many years to examine drug effects on acquisition learning and memory, and several advantages and disadvantages of these approaches have been discussed previously (54, 58) . One of the principal drawbacks with the use of these techniques is that they do not allow for the repeated evaluation of changes in memory or learning ability during the course of long-term exposures.
One possible approach to studying learning ability is the use of repeated acquisition paradigms using either maze tasks or operant chambers. Several repeated acquisition paradigms have been described in the literature using rodents including reversal learning (59) , repeated acquisition of response chains (60) , and repeated acquisition in mazes (61) . Analogous approaches for primates have also been described (62) . One of the primary advantages of using repeated acquisition paradigms is the possibility of incorporating control measures into the design of the task to distinguish changes in general performance measures from those related to acquisition (60) . A similar approach can also be employed in delayed alternation and delayed matching tasks for studying chemical effects on working memory (54, 63) . The application of memory and learning paradigms such as delayed alternation, reversal learning, repeated acquisition, and delayed-matching have been applied for many years to study the effects of drugs and brain lesions on learning and memory processes. To what degree these techniques can be applied to neurotoxicology assessment is yet to be determined. However, the general approach holds considerable promise for evaluating neurotoxicant-induced effects on learning and memory.
Concluding Remarks
To develop a comprehensive approach to neurotoxicity assessment, the necessary tools for evaluating the effects in question are obviously of utmost importance. Over the last 10 years, significant advances have been made in developing behavioral toxicology assessment techniques, both simple and complex. Methods for quantifying toxicantinduced motor deficits that are sufficiently sensitive and easy to perform have been developed and can be used on a routine basis for neurotoxicity screening. Although detecting sensory changes is more complex, the utility of both operant and reflex methodologies have been demonstrated in detecting sensory toxicants. With respect to cognitive functions, one can expect continued refinements in techniques, which will add incremental improvements to the existing methodologies outlined above.
The availability of methodologies for hazard identification, however, is only one aspect of a comprehensive assessment strategy for evaluating the neurobehavioral effects of chemical exposures. Study designs that address the role of different factors such as toxicokinetics, concentration x time relationships, sex and age differences, and co-exposures, which contribute to the expression of neurotoxicity, are also of considerable importance. In many cases, the application of techniques currently available to these issues would be of great value in assessing the risk to human health posed by chemical exposures.
